Enhancing hydrogen production from the pyrolysis-gasification of biomass by size-confined Ni catalysts on acidic MCM-41 supports by Ye, M et al.
This is a repository copy of Enhancing hydrogen production from the pyrolysis-gasification 
of biomass by size-confined Ni catalysts on acidic MCM-41 supports.
White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/117340/
Version: Accepted Version
Article:
Ye, M, Tao, Y, Jin, F et al. (4 more authors) (2018) Enhancing hydrogen production from 
the pyrolysis-gasification of biomass by size-confined Ni catalysts on acidic MCM-41 
supports. Catalysis Today, 307. pp. 154-161. ISSN 0920-5861 
https://doi.org/10.1016/j.cattod.2017.05.077
© 2017 Elsevier B.V. This manuscript version is made available under the CC-BY-NC-ND 
4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/
Reuse 
This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs 
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long 
as you credit the authors, but you can’t change the article in any way or use it commercially. More 
information and the full terms of the licence here: https://creativecommons.org/licenses/ 
Takedown 
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 
Enhancing hydrogen production from the pyrolysis-gasification of biomass 
by size-confined Ni catalysts on acidic MCM-41 supports 
Mengjing YeDÁ, Yongwen TaoaÁ, Fangzhu Jina, Huajuan Linga, Chunfei Wuc*, Paul T. Williamsb*,Jun 
Huanga* 
aSchool of Chemical and Bimolecular Engineering, the University of Sydney, Australia, NSW 2037  (Tel: 
+61 2 9351 7483; Email: jun.huang@sydney.edu.au) 
bSchool of Chemical & Process Engineering, University of Leeds, Leeds LS2 9JT, UK (Tel: +44 113 3432504; 
Email: p.t.williams@leeds.ac.uk) 
cSchool of Chemical Engineering, University of Hull, Hull, HU6 7RX (Tel: +44 1482 466464; 
Email:C.Wu@hull.ac.uk 
ÁCo-first authors. 
Abstract: Hydrogen, currently produced from the reforming of fossil fuel resources, is a 
significant source for clean energy and the chemical industry. It is promising to develop a 
high-efficiency hydrogen production process from renewable biomass for sustainable 
development. This research reports that catalyst support acidity could strongly enhance the 
hydrogen production from the biomass gasification of wood sawdust. For minimizing the 
influence of the Ni particle size for the biomass gasification, the uniform Ni nanoparticles 
around 2-3 nm were loaded into one type of mesoporous support MCM-41 with various 
acidity. Ni/H-[Al] MCM-41 with a large amount of Brࢥnsted acid sites contributed 2-3 
times higher hydrogen yield (21.6 mmol H2 g-1 sample) than that on Ni/H-[Si]MCM-41 
with a small amount of very weak acidic surface SiOH groups (9.8 mmol H2 g-1 sample) 
and that on nonacidic Ni/Na-[Si]MCM-41 (6.7 mmol H2 g-1 sample). The surface acid sites 
on supports could generate bifunctional catalysts and were proposed to show two functions 
for enhancing the hydrogen production: 1) help to crack and transfer the pyrolysis 
chemicals into smaller compounds for more efficient reforming on the Ni surface inside 
nanopores; 2) enhance the support and Ni interaction for better reduction property and 
surface activity of Ni nanoparticles and improve the reforming performance. The obtained 
Ni/MCM-41 catalysts were quite stable and no sintering has been observed after the 
gasification at 800 oC, and only a low coke deposition has been detected. 
 
Key words: Biomass gasification, hydrogen production, wood sawdust, Ni catalysts, 
support acidity, MCM-41 
1. Introduction 
Hydrogen has been increasingly promoted as a clean energy source since its combustion 
product is only water without any greenhouse gases (GHG) emission. Nowadays, hydrogen 
is mainly produced from carbon-rich fossil fuel resources such as natural gas, coal, and 
crude oil, with a significant amount of GHG emissions discharged to atmosphere [1]. To 
find a renewable resource for hydrogen production, many approaches have been 
investigated where biomass gasification has provided a very promising option. This is due 
to the fact that biomass is abundant in nature and it is a CO2-neutral resource [2]. Catalysts 
play an essential role to improve the hydrogen production in biomass gasification and Ni-
based catalysts have been frequently studied because of their acceptable activity and low 
cost compared with noble metal catalysts [3-6].   
It has been reported from the literature that catalysts with smaller particle size and high 
dispersion shows higher catalytic activity and lower deactivation [7-10]. Silva et al. [11] 
suggested that reducing Co particle size (<3nm) decreased the deactivation rate and 
demonstrated the lower amount of carbon deposition (0.71 mg carbon/mg catalyst) for 
ethanol steam reforming. Wu et al. [12] reported that NiO particles located inside the 
MCM-41 mesopores demonstrated higher hydrogen production from biomass gasification 
and suggested that smaller Ni particles (3nm) inside the MCM-41 mesopores promoted 
water gas shift reaction and reforming reactions of hydrocarbons and methane due to the 
longer residence time of reactants inside the MCM-41 pores. Therefore, nano-porous 
supports are popular for reforming reactions due to its high surface area, well-defined 
structure for small metal nanoparticles [13-17]. 
Apart from particle size, the chemical property and surface functional groups of supports 
also play an important role in the performance of catalysts due to the various reaction 
pathways by multifunctional groups or support-metal interactions [18, 19]. It should be 
noted that surface acidity exists on nearly all of current supports, which have a significant 
effect for reactions [20-26]. Youn et al. [20] investigated Ni catalysts supported on Al2O3, 
MgO, ZrO2, TiO2 and ZnO with different surface acidity and reported that Ni/Ti0.2Zr0.8O2 
with intermediate acidity of support showed the best catalytic performance for hydrogen 
production during ethanol reforming. However, Emma et al. [21] reported the Ni catalyst 
on the acid support showed lower methane conversion compared to that on the neutral 
support during methane dry reforming. Therefore, there is still a debate as to whether the 
acidity of support has positive or negative influence for reactions. 
For biomass gasification, the effect from support acidity has not been well investigated. In 
this paper, we address whether the existence of surface acidity of catalyst supports 
significantly influences the catalytic performance of the supported metal nanocatalysts in 
biomass gasification using supported Ni catalysts as an example. One type of support 
MCM-41 with uniform nano-pores has been applied to size the Ni nanoparticles and 
minimize the effects from the Ni particle size for the reaction. MCM-41 supports have been 
synthesized with the acidity (Al form), without acidity (neutral form, may exist as very 
weak acidic surface OH groups), and without acidity (Na form) [27, 28]. Ni particles could 
be impregnated into uniform nanopores to realize uniform particle sizes. The obtained 
Ni/MCM-41catalysts with and without support acidity were investigated for hydrogen 
production from biomass gasification.  
 
2. Experimental 
2.1 Materials 
Wood sawdust was used with particle size of less than 0.2 mm with a moisture content of 
5.7 wt.%, volatile content of 74.8 wt.%, fixed carbon content of 18.3 wt.% and ash content 
of 1.2 wt.%. 
MCM-41 support was prepared according to the procedure reported by Cheng et al. [29] 
For H-[Al]-MCM-41 and Na-[Si]-MCM-41 supports, the mole ratio of Al/Si and Si/Na are 
equal to 1:10 and 1:2 respectively. Calculated amounts of aluminum sulfate and 
sodium carbonate were added to the MCM-41 materials. The obtained gels were 
completely mixed with vigorous stirring for 1h. The resulting solids were collected by 
filtration, washed with distilled water, and then dried in an oven at 80 oC. Finally, the 
obtained cake was calcined at 550 oC with a heating rate of 1 oC min-1 in the presence of 
static air for 6 h.  
Wet impregnation method was used to synthesize catalysts by loading Ni on porous H-[Si]-
MCM-41, H-[Al]-MCM-41, Na-[Si]-MCM-41, SiO2 supports, respectively (The mole 
ratio is Ni/Al=1:1). The required amount of Ni (NO3)2.6H2O was dissolved in ethanol to 
form 1 mol L-1 of solution. The impregnation was employed by the addition of powdered 
H-[Si]-MCM-41, H-[Al]-MCM-41, Na-[Si]-MCM-41, SiO2 supports to the nickel 
precursor solution. The mixture was stirred overnight followed by evaporation of the 
mixture at 80 oC. The obtained solids were calcined at 550 oC with a heating rate of 1 oC 
min-1, then maintained at 550 oC for 6 h in static air. 
2.2 Pyrolysis-Gasification of wood sawdust 
The biomass gasification experiments were carried out in a two-stage fixed bed reaction 
system, which has been reported in our previous work [30]. Biomass sawdust was 
pyrolyzed in the first reactor, the derived gaseous pyrolysis products are passed directly to 
the second reactor where catalytic steam reforming occurred. For each experiment, about 
1.0 g sawdust and 0.5g catalyst were used. Sawdust was placed inside the first reactor, and 
the catalyst was placed inside the 2nd reactor. Both reactors were separately externally 
electrically heated. The temperatures of the two reactors were controlled separately using 
two temperature controllers. Initially, the temperature of the catalyst bed (2nd reactor) was 
heated and stabilized at 800 °C. Then the first pyrolysis reactor was started to be heated up 
to 550 °C with a heating rate of 40 °C min-1. Water was injected to the top of the 2nd reactor 
with a flow rate of 4.74 ml h-1 by a syringe pump when the pyrolysis temperature reached 
around 200 °C. N2 was used as carrier gas for each experiment with a flow rate of 80 ml 
min-1. The derived gaseous products after the second reactor were condensed with dry ice 
cooled condensers to produce the liquid products and the non-condensed gases were 
collected with a Tedlar gas sample bag for later analysis. It is noted that the whole catalytic 
reaction time was about 40 mins for each experiment. Selected experiment was repeated to 
ensure the reliability of the data. Mass balance close to 100% was used as an indicator of 
an acceptable experiment. 
2.3 Products analysis and characterization 
The non-condensed gases were analyzed off-line by gas chromatography (GC). The CO2 
gas was analyzed by Varian 3380 GC with a Hysep 80-100 mesh column and argon as 
carrier gas. CO, H2, and N2 gases were determined by another Varian 3380 GC equipped 
with a 60-80 mesh molecular sieve column with argon carrier gas. C1 ņ&4 hydrocarbons 
were detected using a further Varian 3380 GC with a flame ionization detector while N2 is 
working as carrier gas.  
Surface area, average pore size, and total pore volume of the fresh catalysts were 
determined by N2 adsorption and desorption isotherms on a Quantachrome Autosorb-1. 
Each sample (50mg) was degassed at 423K for 12 hours under vacuum before 
measurements and then recorded at 77K.  
X-ray diffraction (XRD) patterns of the fresh catalysts were obtained on a SIEMENS 
D6000 instrument in the range of 1.5-70° with a scanning step of 0.02 using CuKĮ radiation 
(0.1542nm wavelength). A high resolution scanning electron microscope (SEM) (LEO 
1530) was used to obtain the surface morphology of the fresh and reacted catalyst. 
Transmission electron microscopy (TEM) (Philips CM200) was used to characterize and 
examine the fresh catalysts.  
Temperature-programmed oxidation (TPO) of the reacted catalysts was utilized to obtain 
the degree of coke deposition by using a Stanton-Redcroft thermogravimetric analyser 
(TGA and DTG). About 10 mg of the reacted catalyst was heated in air at 15 oC min-1 to a 
final temperature of 800 oC, with a dwell time of 10 min. Temperature programmed 
reduction (TPR) of the prepared catalysts were carried out using a modified 
thermogravimetric analyzer (SDTQ600) coupled with a mass spectrometer (ThermoStar 
GSD301). Prior to the commencement of TPR, the sample was heated at 20 oC min-1 in 
pure N2 (500 ml min-1) from room temperature to 500 oC. The pre-treated catalysts were 
cooled to room temperature before heating to 1000 oC at a rate of 10 oC min-1 in a H2 
atmosphere. During the reduction process, variance of generated gas and mass loss were 
respectively monitored by MS and TGA through a heated capillary delivery.  
NH3-TPD was performed on Chem BET TPR/TPD Chemisorption Analyzer, CBT-1, 
QuantaChrome instruments. Typically, 30 mg of the samples were pretreated at 500 oC for 
1h in He flow at a flow rate of 120 ml min-1 to purge the gas or moisture adsorbed on the 
samples, then the temperature was cooled to adsorption temperature of 100 oC, followed 
by adsorption of the gas mixture of NH3 and He (8.16%, mol/mol) for 30min or 15min, 
respectively. After adsorption, pure He flow (120ml min-1) was passed through the samples 
which were heated from 100 to 1100 oC at a heating rate of 10 oC min-1. 
3. Results and discussion 
3.1 Characterization of fresh catalysts 
The same type of mesoporous silica material MCM-41 has been prepared and impregnated 
with Ni particles as described in the above experimental section. Their XRD patterns have 
been listed in Figures 1 and 2. As shown in the XRD patterns of the small angle region (2ș 
= 1.5-10°), all Nicatalysts expressed a typical pattern of MCM-41 material with a 
hexagonal framework of strong (100) reflection at 2-2.5°. The weak (110) and (200) 
reflections at 4.3° and 4.9° have been clearly observed for Ni catalysts on H-[Si]MCM-41 
support, which illustrate the long-range order of MCM-41 materials [47]. However, for Na-
[Si]MCM-41 and H-[Al]MCM-41supports, (110) and (200) reflections were small and 
difficult to be detected in Figure 1 due to the disturbance of the long-range order after 
introducing Na and Al [48, 49]. 
 
Figure 1: Small angel XRD pattern of Ni catalysts on Ni/H-[Al] MCM-41, Ni/Na-[Si] 
MCM-41 and Ni/H-[Si] MCM-41 supports. 
For the XRD patterns for Ni/MCM-41 catalysts in the range of 2ș between 10-70°, a broad 
amorphous silica peak has been detected at around 23° as shown in Figure 2. No strong 
and sharp peaks have been observed for the existence of well crystalline NiO particles. 
Only three broad and weak diffraction peaks were detected at 37 o, 43 o and 64 o, 
corresponding to very fine NiO nanoparticles with NiO (101), NiO (012) and NiO (110), 
respectively. The particle size was estimated to be around 3 nm for all catalysts according 
to the Scherrer¶s formula for the width of the half intensity peak. These very fine NiO nano-
particles were probably located inside nano-pores of MCM-41support instead of staying 
on the surface.  
 
Figure 2: XRD analysis of Ni/MCM-41 catalysts 
The N2 adsorption-desorption isotherms and corresponding Barrett-Joyner-Halenda (BJH) 
pore size distribution curves are presented in Figure 3 (a) and (b), respectively. All 
Ni/MCM-41 catalysts showed type IV isotherms, indicating a mesoporous structure 
according to the IUPAC classification. The pore size distribution was evaluated by the BJH 
model, which corresponds to narrow and uniform mesopores around 2-3 nm for all 
Ni/MCM-41 catalysts. The BET surface areas, total pore volumes, and average pore 
diameters have been determined by N2 adsorption and desorption isotherms and 
summarized in Table 1. Ni/MCM-41 catalysts showed a high surface area around 800-1000 
m2 g-1. The Ni/H-[Si]MCM-41 demonstrates the highest surface area (1018.677 m2 g-1), 
which was followed by the Ni/Na-[Si]MCM-41 (1012.769 m2 g-1), and Ni/H-[Al] MCM-
41 (800.237 m2 g-1), due to the disturbance of the long-range order after introducing Na 
and Al as detected by the above XRD investigation. The average pore diameter was 
between 2 and 3 nm with the total pore volume changing from 0.593 to 0.825 cm3 g-1.  
 
Figure 3: Pore size distribution (a) and N2 adsorption/desorption isotherms of the fresh 
catalyst (b) 
Table 1: Surface areas, pore volumes, and pore diameters of Ni/MCM-41 catalysts 
Sample Surface area a  
(m2/g) 
Total pore volume a 
(cm3/g) 
Average Pore 
diameter a (nm) 
Ni/H-[Si]MCM41 1018.677 0.746 2.92 
Ni/H-[Al]MCM41 800.237 0.825 3.12 
Ni/Na-[Si]MCM41 1012.769 0.593 2.34 
a
 Surface area pore volume and average pore diameter calculated from N2 
adsorption/desorption isotherms 
 
SEM and TEM investigations have also been carried out for the characterization of the 
Ni/MCM-41 catalysts. NiO crystal (normally ca. 200 nm on silica or alumina surface) had 
not been obviously detected on the outside surface of mesoporous supports Ni/H-
[Al]MCM-41, Ni/Na-[Si]MCM-41and Ni/H-[Si]MCM-41, as shown in the SEM images 
in Figure 4. The impregnated NiO particles were probably located inside the nano-pores of 
MCM-41 supports. The Ni/Na-[Si]MCM-41and Ni/H-[Si]MCM-41showed the similar 
shape and size of MCM-41 particles. However, the support particles were very fine on 
Ni/H-[Al]MCM-41 after introduction of Al during the preparation. The disturbance of the 
long-range order after introducing Al might break the growing of MCM-41 particles during 
the synthesis and caused the very fine particles.  
 
Figure 4: SEM images of Ni/MCM-41 catalysts 
TEM images confirmed that the long-range order of the MCM-41 structure of H-[Si]MCM-
41 as indicated by the XRD pattern and the uniform mesopores have been clearly observed 
in Figure 5. The long-range order of MCM-41 mesoporous structure has been slightly 
disturbed after indroducing Na during the synthesis and strongly disturbed by the 
introduction of Al as shown in Figure 5, which is consistent with the XRD results. The NiO 
particles have been homogeneously dispersed inside the nanopores of all MCM-41 
supports with the main particle size around 2-3 nm as proven by TEM analysis in Figure 5. 
No large Ni crystals have been observed on the surface of the Ni/H-[Al]MCM-41, Ni/H-
[Si]MCM-41 and Ni/Na-[Si]MCM-41 catalysts as indicated by both TEM and SEM 
images, similar as the XRD patterns. 
 
Figure 5: TEM images of Ni/MCM-41 catalysts 
The reduction property and surface NiO species of the Ni/MCM-41 catalysts have been 
carried out by TPR investigation and their curves are shown in Figure 6. The small 
reduction peak around 390 oC has been only observed for the Ni/Na-[Si]MCM-41 and the 
Ni/H-[Si]MCM-41 catalysts, which could be caused by the reduction of Ni nanoparticles 
on the outside surface of MCM-41 supports [39].The strong and large peak at the higher 
reduction temperature around 660-700 oC occurred on all Ni/MCM-41 catalysts, which 
was assigned to the very fine NiO nanoparticles inside the nanopores of MCM-41 supports 
(2-3 nm) [40]. It was reported that smaller metal oxide nanoparticles required higher 
temperature for hydrogen reduction with the stronger interaction between metal and 
supports [41, 42]. Obviously, most NiO particles were very fine nanoparticles around 2-3 
nm and small enough inside pores of MCM-41 supports. In addition, compared to the 
Ni/Na-[Si]MCM-41 and the Ni/H-[Si]MCM-41, the reduction peak at high temperature 
shifted slightly to the lower temperature on the Ni/H-[Al]MCM-41, which indicated the Al 
addition and the generation of surface acidity enhanced the reducibility of NiO 
nanoparticles.  
 Figure 6: TPR analysis of Ni/MCM-41 catalysts 
The surface acidity of the catalysts has been probed by the chem-adsorption/desorption of 
basic molecule ammonia via NH3-TPD, a popular method utilized to analyze the acidity of 
catalysts. As shown in Figure 7, a strong and broad desorption peak has been observed at 
200 to 400 oC for the Ni/H-[Al] MCM-41 due to the formation of large amount of surface 
acid sites after introducing Al into the silica network. The 4-charged Si cation replaced by 
the 3-charged Al cation would induce a native charged O (O-) site and require a proton on 
network O-, which could generate surface SiOHAl groups as Brࢥnsted acid sites (Al species 
incorporated into silica network near SiOH groups) [35-38]. Only a very weak and broad 
desorption temperature peak was observed at 200-300 oC for the Ni/H-[Si]MCM-41, which 
indicated the presence of most of neutral sites (SiOH groups) on the surface with a very 
small amount of weak acidic Q3 SiOH groups. No obvious peak has been detected for the 
Ni/Na-[Si]MCM-41, which indicated that the Na-[Si]MCM-41 support did not offer the 
surface acid sites and acidic Q3 SiOHs have been totally replaced by Na cations. . 
 Figure 7: NH3-TPD of Ni/MCM-41 catalysts 
 
3.2. The pyrolysis/gasification of wood sawdust on Ni/MCM-41 catalysts 
The pyrolysis/gasification of wood sawdust was carried out on Ni/MCM-41 catalysts in a 
two stage reactor system. Gas yield, mass balance, and gas compositions of CO, H2, CO2, 
CH4 and C2-C4 hydrocarbons during the gasification of wood sawdust are presented in 
Table 2 and Figure 8.  
For all the Ni/MCM-41 catalysts, most of Ni particles were located inside nanopores with 
a uniform size of 2-3 nm. The biomass gasification is suggested to be derived via the Ni 
active centers. Therefore, similar Ni particles should offer similar activity. However, a 
different catalytic performance has been clearly observed during the pyrolysis/gasification 
on Ni/MCM-41 catalysts with various surface acidity. Clearly, the support acidity has 
influenced the biomass gasification on supported Ni catalysts. As shown in Table 2, the 
Ni/Na-[Si]MCM-41catalyst without surface acidity showed the lowest gas yield and 
hydrogen yield during the gasification. The Ni/H-[Si]MCM-41catalyst with the small 
amount of weak acidic SiOH groups contributed the higher gas yield compared to that of 
the Ni/H-[Al]MCM-41 with a large amount of Brࢥnsted acid sites.  The significant 
amount of Brࢥnsted acid sites on the surface of supports could not cause the higher 
gasification rates. The well hexagonal structure of MCM-41 supports might result in the 
better diffusion of pyrolysis chemical vapor inside the pores of Ni/H-[Si]MCM-41catalyst 
resulting in a higher gasification rate.  
 
Table 2: Mass balance and gas compositions from the gasification on Ni/MCM-41 
catalysts 
 
Catalyst bed 
Ni/H-[Al] 
MCM41 
Ni-H-[Si] 
MCM41 
Ni/Na-[Si] 
MCM41 
 
Gas/wood (wt. %)* 
 
63.9 
 
73.6 
 
51.8 
 
Mass balance (wt. %)* 
 
94.72 
 
101.35 
 
95.63 
 
H2 yield (mmol H2 g-1 sample) 
 
21.6 
 
9.8 
 
6.7 
 
*The gas, residue yields and mass balance presented in was calculated via the following equations: 
Gas yieldሺǤ  ? ሻ ൌ ୋୟୱ୫ୟୱୱ୵୭୭ୢୱୟ୵ୢ୳ୱ୲୫ୟୱୱ  ൈ  ? ? ? 
Mass balance (wt. %) =ୋୟୱ୫ୟୱୱା୐୧୯୳୧ୢ୫ୟୱୱାେ୦ୟ୰୫ୟୱୱାୖୣୱ୧ୢ୳ୣ୫ୟୱୱ୛୭୭ୢୱୟ୵ୢ୳ୱ୲୫ୟୱୱା୧୬୨ୣୡ୲ୣୢ୵ୟ୲ୣ୰୫ୟୱୱ ൈ  ? ? ? 
 
 
However, the hydrogen production has been significantly improved for the reaction on the 
Ni/H-[Al]MCM-41 catalyst with a large amount of Brࢥnsted acid sites. The hydrogen yield 
on the Ni/H-[Al]MCM-41 (21.6 mmol H2 g-1 sample) was more than two to three times 
higher than that on the other two Ni/MCM-41 catalysts (6.7 and 9.8 mmol H2 g-1 sample). 
The Ni/H-[Si]MCM-41 catalyst with only a small amount of weak acidic SiOH groups 
contributed a slightly higher hydrogen yield than that produced from no acidic Ni/Na-
[Si]MCM-41 catalyst. Obviously, the large amount of Brࢥnsted acid sites on the support 
surface could not enhance the gasification rate as detected before, but significantly 
improved the reforming for hydrogen production. Lliopoulou et al [45] reported that the 
enhancement of surface acidity of H-[Al]MCM-41 catalysts could promote the 
hydrocarbon conversion and cracking for the upgrading of biomass pyrolysis oils. 
Therefore, the Ni/H-[Al]MCM-41 worked as a bifunctional catalyst and the large amount 
of Brࢥnsted acid sites was proposed to transfer the pyrolysis derived chemicals into smaller 
compounds for more efficient reforming on the Ni surface. In addition, compared with the 
similar reduction peaks for the Ni/H-[Si]MCM-41and the Ni/Na-[Si]MCM-41 catalysts, 
the Ni/H-[Al]MCM-41demonstrated a relatively lower temperature and sharp reduction 
peak in the TPR analysis, indicating the different Ni surface property on the Ni/H-
[Al]MCM-41 compared to the other two Ni/MCM-41 catalysts and influencing their 
reforming performance.  
As shown in Figure 8, the fraction of the gas composition also confirmed that the reforming 
process has been strongly enhanced on the Ni/H-[Al]MCM-41. The Ni/H-[Si]MCM-41 
catalyst showed the slightly enhanced reforming performance than the Ni/Na-[Si]MCM-
41 catalyst, however, both catalysts produced a significant amount of CH4 (ca. 30 Vol.%) 
with a small amount of C2-C4 hydrocarbons (ca. 5 Vol.%). These hydrocarbon compounds 
almost disappeared using the Ni/H-[Al]MCM-41 catalyst. The CO2 gas fraction was higher 
with the Ni/H-[Al]MCM-41, suggesting that the dry reforming of hydrocarbons with CO2 
was not promoted by the Ni catalysts on acidic supports. It was consistent with the 
literature[21] that incorporating Al to the MCM-41 framework did not promote methane 
dry reforming on Ni catalysts. Therefore, the steam reforming of hydrocarbons was 
proposed to significantly improve the hydrogen production on the Ni/H-[Al]MCM-41 
catalyst (increased from ca. 25 Vol.% up to ca. 55 Vol.%). For the steam reforming of 
hydrocarbons, CO should be produced and the CO fraction should be increased. However, 
the Ni/H-[Al]MCM-41 catalyst contributed the lowest CO fraction compared to the other 
two catalysts, indicating the existence of the water gas shift reaction and the consumption 
of CO to further increase hydrogen production as also reported by previous papers in the 
steam reforming of hydrocarbons  [4, 43, 44].   
  
 Figure 1 Gas composition from biomass gasification 
 
The reacted catalysts were analyzed by temperature programmed oxidation (TPO) to 
determine the amount and type of deposited coke. Oxidation of carbon occurred after 550Ԩ , 
which was assigned to filamentous type carbons formed during the gasification process [48, 
49]. As shown in Figure 9, low coke deposition has been detected for the Ni/MCM-41 
catalysts. The coke deposition was 1.8 wt%, 1.6 wt%, and 1.3 wt% on the Ni/H-[Al]MCM-
41, Ni/H-[Si]MCM-41, and Ni/Na-[Si]MCM-41 catalysts, respectively. It has been widely 
reported that highly active catalysts in gasification or reforming would cause high coke 
deposition.  
 
 
 Figure 9: Weight ratios of coke to the catalyst for the Ni/MCM-41catalysts after the 
gasification 
As shown in Figure 10, the deposited coke was hard to be observed on the outside surface 
of the MCM-41 catalysts as shown in their SEM images. The small amount of filamentous 
carbon confirmed by TPO might be located on the Ni surface inside pores of MCM-41. 
The reacted Ni/MCM-41 catalysts were analyzed by XRD to confirm whether the sintering 
occurred for the Ni particles. As shown in Figure 11, the XRD patterns did not show any 
obvious change for the Ni/MCM-41 catalysts before and after reaction, indicating almost 
no sintering during the gasification process. Only small new diffraction peaks at 44 and 
52ewere observed due to the generation of Ni particles after the gasification of sawdust 
[53]. It was reported that the NiO was reduced to Ni during the gasification process under 
the reducing environment. Therefore, an easier and safer process was carried out without 
the pre-reduction with H2 during the catalyst process. Therefore, Ni/MCM-41 catalysts 
were quite stable for biomass gasification. 
  
 Figure 10: SEM analysis of reacted catalysts 
 
 
Figure 11: XRD analysis of reacted catalysts 
4. Conclusions 
In this work, the obtained Ni/MCM-41catalysts with and without support acidity were 
investigated for hydrogen production from the biomass gasification of wood sawdust. 
MCM-41 supports were synthesized with acidity (Al form Ni/H-[Al] MCM-41), without 
acidity (neutral form Ni/H-[Si]MCM-41, may exist as very weak acidic surface SiOH 
groups), and without acidity (Na form Ni/Na-[Si]MCM-41). The Ni/H-[Si]MCM-41 
catalyst demonstrated the highest surface area (1018.677 m2/g), which was followed by 
Ni/Na-[Si]MCM-41 (1012.769 m2/g), and the Ni/H-[Al] MCM-41 (800.237 m2/g), due to 
the disturbance of the long-range order after introducing Na and Al as detected by XRD 
investigation. As expected, a large amount of surface acid sites have been generated after 
introducing Al into the silica network near SiOH groups on the Ni/H-[Al] MCM-41. Most 
of neutral sites (SiOH groups) on the surface with very a small amount of weak acidic Q3 
SiOH groups were formed on the Ni/H-[Si]MCM-41 catalyst. No acidity was observed for 
the Ni/Na-[Si]MCM-41. Most of Ni nanoparticles had a similar size at 2-3 nm and were 
located inside the nanopores of MCM-41 supports, which could minimize the effects from 
the Ni particle size for the biomass gasification. Compared to the Ni/Na-[Si]MCM-41 and 
the Ni/H-[Si]MCM-41 catalysts, the reduction peak at high temperature shifted slightly to 
the lower temperature on the Ni/H-[Al]MCM-41 catalyst, which indicated the Al addition 
and the generation of surface acidity enhanced the reducibility of NiO nanoparticles.  
The large amount of Brࢥnsted acid sites on the Ni/H-[Al]MCM-41 catalyst could not cause 
the higher gasification rates, and the Ni/H-[Si]MCM-41catalyst with the small amount of 
weak acidic SiOH groups contributed the highest gas yield. In addition, the presence of 
significant Brࢥnsted acid sites promoted the conversion of hydrocabrons derived from 
biomass pyrolysis into smaller molecular products including H2 and CO. However, the 
large amount of Brࢥnsted acid sites on the supports has significantly improved the 
reforming and hydrogen production during the wood sawdust gasification. The hydrogen 
yield on the Ni/H-[Al]MCM-41 (21.6 mmol H2 g-1 sample) was more than two to three 
times higher than that on the other two Ni/MCM-41 catalysts (6.7 and 9.8 mmol H2 g-1 
sample). The surface acid sites helpped crack and transfer the pyrolysis chemicals into 
smaller compounds for the more efficient reforming on the Ni surface inside nanopores. 
Low coke deposition has been detected for Ni/MCM-41 catalysts (less than 2 wt% of 
filamentous type carbons on the Ni/H-[Al]MCM-41, Ni/H-[Si]MCM-41, and Ni/Na-
[Si]MCM-41 catalysts), corresponding to their activity in gasification. The obtained 
Ni/MCM-41 catalysts were quite stable and almost no sintering has been observed after 
gasification at 800 oC. 
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